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Key nodeAbstract Recently, much attention has been paid to the reliability and vulnerability of critical
infrastructure. In air trafﬁc systems, the vulnerability analysis for airport networks can be used
to guide air trafﬁc administrations in their prioritization of the maintenance and repair of airports,
as well as to avoid unnecessary disturbances in the planning of ﬂight schedules. In this paper, the
evaluation methods of airport importance and network efﬁciency are established. Firstly, the
evaluation indices of airport importance are proposed from both the topological and functional
perspectives. The topological characteristics come from the structure of airport network and the
functional features stem from the trafﬁc ﬂow distribution taking place inside the network.
Secondly, an integrated evaluation method based on fuzzy soft set theory is proposed to identify
the key airports, which can fuse together importance indices over different time intervals.
Thirdly, an airport network efﬁciency method is established for the purpose of assessing the
accuracy of the evaluation method. Finally, empirical studies using real trafﬁc data of US and
China’s airport networks show that the evaluation method proposed in this paper is the most
accurate. The vulnerability of US and China’s airport networks is compared. The similarities
and differences between airport geography distribution and airport importance distribution are
discussed here and the dynamics of airport importance is studied as well.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
During the last two decades, much research has been con-
cerned with issues of the vulnerability and reliability of trans-
portation networks. This has been spurred by events such as
the Kobe earthquake of 1995 and the terrorist acts of
September 11, 2001. The airport network is one of the most
typical transportation networks. Interestingly, the airport net-
work exhibits a heavy-tailed degree distribution, which is often
Vulnerability analysis for airport networks based on fuzzy soft sets: From the structural and functional perspective 781well approximated for a signiﬁcant range of values of degree k
by a power-law behavior (P(k)  kc), from which the name
‘‘scale-free network’’ originated.1–3 One of the most striking
features of scale-free networks is their vulnerability to mali-
cious attacks on key nodes. Compared to regular networks
and random networks with a bounded degree distribution,
scale-free networks can tolerate very high levels of random
failures, and the entire network would be disintegrated into
small components quickly under malicious attacks against
the hubs.
With the rapid development of the aviation industry, the
phenomenon of airport congestion becomes more and more
serious, and it should be taken into consideration when we
plan for incidents, contingencies, and ﬂight schedule. If a
congested airport is the key node of an airport network, the
congestion will soon be propagated to many other airports,
or even to the entire system, resulting in a rapid decrease in
network efﬁciency; otherwise the effect will only be propagated
to a relatively small number of airports, with little impact
upon the network efﬁciency. Thus, increased efforts should
be made to estimate airport vulnerability in the system, for
the purpose of air trafﬁc management, prioritization for
airport maintenance and repair, contingency planning,
and so on. The vulnerability or the lack of reliability of the
airport network is an additional cost for users: individuals,
companies, and air trafﬁc management administrations. The
more important the airport is, the more severe would be the
damage to the system if that airport were lost. So the substance
of vulnerable airport identiﬁcation is the assessment of airport
importance.
Since graphs can describe the interactions and interdepen-
dencies between individuals, parts, and subsystems, many
methods for evaluating the node importance established based
on graph theory, which is suitable for vulnerability and relia-
bility analysis.4 The easiest method is to set the degree of a
node as the node importance (degree method).5 The bigger
the degree of a node is, the more important the node is; how-
ever, the degree is largely dependent upon the network’s struc-
ture. For a centralized star network, the degree method can
ﬁnd the vulnerable nodes very accurately, but for democratic
regular graphs, the degree method seems not appropriate.
Betweenness centrality is also used to measure the node impor-
tance (the betweenness method).6 The essence of this method is
that the larger the number of the shortest paths passing
through a node, the more important the node is. The drawback
of this method is that its computational complexity is very
high, O(N3), where N represents the node number. Chen et al.7
proposed a node removal method based on the spanning trees.
The method deﬁned the most important node as the one with
the smallest number of spanning trees after removing it. The
trouble with this method is that the node importance would
be consistent if the network is not connected after deleting
different nodes. Albert et al.8 estimated node importance by
calculating the network efﬁciency. The most vulnerable nodes
are the ones whose invalidation results in the biggest reduction
of network efﬁciency. The degree and clustering coefﬁcient
information is combined to measure the node importance by
Ren et al.9, which took account into the number of neighbor-
ing nodes and their connection level. Tan et al.10 established a
node importance method based on node contraction, which
took into account the node connection and the shortest path
number of the node.From the above analysis, we ﬁnd that there are two defects
in the present methods. Firstly, the node importance indices in
the above literature are mainly established on the topological
properties of complex networks. Real networks, however, are
not only speciﬁed by their topology but also by their functional
properties, such as the trafﬁc ﬂow distribution of the trans-
portation systems. Trafﬁc ﬂow distribution and network topol-
ogy play an explicit role in enhancing network efﬁciency.
Secondly, we ﬁnd that the node importance is usually mea-
sured based on individual importance index, which makes
the evaluation results one-sided. Thirdly, the dynamics of net-
work topology and trafﬁc ﬂow distribution are not consistent
in the present methods. Thus, we have to assess node impor-
tance based on multiple node importance indices from various
perspectives.
Therefore, this paper proposes a new method to measure
airport importance to seek out the most vulnerable nodes
aimed at solving the above shortcomings. In particular, we
are interested in two main questions: the establishment of an
evaluation method for airport importance and the accuracy
analysis of the evaluation method. Firstly, we propose a series
of airport important indices from the point of view of network
topology and trafﬁc ﬂow distribution. Secondly, a comprehen-
sive evaluation method of airport importance based on fuzzy
soft set theory is proposed, which can solve the disadvantage
(-subjective assumptions of experts) of other evaluation meth-
ods such as the analytic hierarchy process and fuzzy compre-
hensive evaluation. Thirdly, the network efﬁciency index is
built up based on the topological and functional features of
airport network as well, which is suited to assess the accuracy
of the measurement method of airport importance.
The rest of this paper is organized as follows. In Section 2,
the evaluation indices of airport importance are proposed. In
Section 3, a comprehensive evaluation of airport importance
based on fuzzy soft set theory is established. Section 4 analyzes
the accuracy of airport importance evaluation based on
network efﬁciency. Section 5 gives the empirical analysis.
Conclusions are presented in Section 6.2. Evaluation indices of airport importance
A key issue in the network characterization is the identiﬁcation
of the most important nodes in the system. Freeman11 summa-
rized three indices that can weight node importance in a social
network: degree, betweenness, and closeness. The degree of
node i is the number of nodes connecting to it, which describes
the node activity in communication. The betweenness of node i
is the number of the shortest paths passing through it, which
stands for the ability to control the information ﬂow. The
closeness of node i is the sum of the shortest distances between
it and other nodes, which represents the ability to spread
information.
The heterogeneous structures of airport networks result in
different airports possessing different extents of importance.
The airport importance ﬁrstly depends on the airport position,
e.g., the importance of frontier nodes and central nodes are
noticeably unequal. Secondly, the airport connectivity also
affects the airport importance. In other words, the greater
the number of the shortest paths passing through airport i,
the more important the airport i is. Finally, in addition to
the topological features, the trafﬁc ﬂow distribution plays an
782 S. Li, X. Xuexplicit role in airport importance. The more trafﬁc volume
passes through an airport, the more important the airport is.
Thus, in this context, degree index, betweenness index and
Trafﬁc index are applied to measuring the airport importance
by combining the topological and functional features of an
airport network.
To take account of the above indices, the edges of the
network are endowed with weights, which are used to describe
the functional properties of the network. In this context,
suppose that G ¼ ðV;EÞ expresses the graph of an airport
network with n nodes (airports) and m edges (nonstop
passenger ﬂights). The topology of G can be symbolized by a
n n matrix, A ¼ ½aijnn; where
aij ¼
1 There is direct flight from airport i to j
0 There is no direct flight from airport i to j

ð1Þ
and an n n weight matrix, U ¼ ½uijnn, with uij being the
number of nonstop passenger ﬂights from airport i to airport
j during the day.
Deﬁnition 1. Degree index. Node degree is a ﬁrst intuitive and
local quantity that gives an idea of node importance. Its
deﬁnition is as follows:
ki ¼
X
j2N
aij ð2Þ
where ki is the degree of airport i. To compare ki among differ-
ently sized networks, ki must be converted into a proportion of
the network size. As there are at most n 1 airports connect-
ing to airport i in a network composed of n airports, (i.e.,
maxðkiÞ ¼ n 1Þ, the degree index of airport i can be deﬁned
as follows:
DegðiÞ ¼ ki
maxðkiÞ ¼
ki
n 1 ð3Þ
Deﬁnition 2. Betweenness index. Let gabðiÞ be the number of
the shortest paths, which not only lead from airport a to air-
port b but also pass through airport i. We get the betweenness
index of airport i, Bet(i), as follows:
Bi ¼
Xn
a¼1
Xn
b¼1
gabðiÞ
BetðiÞ ¼ BiPn
i¼1Bi
8>><
>: ð4Þ
Deﬁnition 3. Trafﬁc index. Let qi be the passenger ﬂow volume
of airport i, representing the load scale of the airport trafﬁc.
Airport trafﬁc is composed of arriving and departing trafﬁc.
The formula of qi is as follows:
qi ¼ qi;in þ qi;out ¼
Xn
j¼1;j–i
qji þ
Xn
j¼1;j–i
qij ð5Þ
where qi;in is the passenger ﬂow volume of arriving trafﬁc of
airport i and qi;out is the passenger ﬂow volume of departing
trafﬁc of airport i. qij is the passenger ﬂow volume from airport
i to airport j.Thus, we deﬁne the trafﬁc index as follows:
TrafficðiÞ ¼ qiPn
i¼1qi
ð6Þ
It is in fact reasonable to consider an airport of lower
importance if its degree is relatively small; however a large
passenger ﬂow volume allows the importance to increase by
providing more frequent travel possibilities.
3. Comprehensive evaluation of airport importance based on
fuzzy soft set theory (AIFSS)
Air trafﬁc is a complex and dynamic system with time-varying
topology and trafﬁc ﬂow (i.e., if there is no nonstop ﬂight from
airport i to airport j in a period of time, the edge connecting
the two airports is non-existent during that time interval).
Thus, the airport importance varies at different time intervals
as the degree, betweenness, and trafﬁc indices of the same air-
port may differ in different time intervals. How does one then
synthesize the importance indices of various intervals? Fuzzy
soft set theory is a newly emerging tool for comprehensive
evaluation, having been used in several applications. It can
integrate the importance indices’ information over different
time intervals, and then obtain the total importance score of
every airport. Fig. 1 gives the speciﬁc evaluation process.3.1. Fuzzy soft set theory
Soft set theory was ﬁrst proposed by Molodtsov in 1999 as a
parameterization tool for solving uncertain, vague, and impre-
cise problems that traditional mathematical tools cannot deal
with.12 In recent years, various types of soft set have been
derived, such as fuzzy soft sets,13 blind soft sets,14 interval-
valued fuzzy soft sets,15 and rough fuzzy soft sets.16 Fuzzy soft
sets are one of the most representative types of soft set, pro-
posed by Maji and Biswas et al.17 The basic concept of fuzzy
soft set is described as follows:
Deﬁnition 4. Soft set. A pair ðF;EÞ is called a soft set (over the
set U) if and only if F is a mapping of E into the set of all
subsets of U. In other words, the soft set is a parameterized
group of subsets of the set U. Every set FðeÞ ðe 2 EÞ, from this
group may be considered as a set of e – elements of ðF;EÞ, or as
a set of e – approximate elements of ðF;EÞ.
Deﬁnition 5. Fuzzy soft set. Let nðUÞ denote the set of all fuzzy
sets of U. Let A#E. A pair ðF;AÞ is a fuzzy soft set over U if
and only if F is a mapping given by F : A! nðUÞ:
Deﬁnition 6. ‘‘AND’’ calculation Suppose ðF;AÞ and ðG;BÞ are
two fuzzy soft sets belonging to the same fuzzy soft set ðX;EÞ. If
8ða; bÞ 2 A B, Hða; bÞ ¼ FðaÞ \ GðbÞ, ðF;AÞ ^ ðG;BÞ ¼
ðH;A BÞ is the ‘‘AND’’ calculation of ðF;AÞ and ðG;BÞ.3.2. Evaluation steps of AIFSS
The airport importance is comprehensively evaluated based on
fuzzy soft set theory, which can integrate the three airport
importance indices established above. The problem of airport
importance evaluation is described as follows:
Fig. 1 Evaluation process of airport importance based on fuzzy soft set theory.
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evaluated, si ði ¼ 1; 2; . . . ; nÞ the ith airport, C ¼ fc1; c2;
. . . ; cmg the evaluation index set, cj ðj ¼ 1; 2; . . . ;mÞ the jth
importance index, Pe ¼ fpe1; pe2; . . . ; peTg the set of evalua-
tion intervals and pet ðt ¼ 1; 2; . . . ;TÞ the tth evaluation
interval.
Vt ¼ ½vtijnm is the evaluation matrix of the airport set S, in
the pet interval, where v
t
ij is the jth importance index value of
airport i in the tth interval.
Score ¼ fsc1; sc2; . . . ; scng is the airport importance score,
where sci ði ¼ 1; 2; . . . ; nÞ is the importance value of si.
Vt ¼
c1 c2    cm
s1 v
t
11 v
t
12    vt1m
s2 v
t
21 v
t
22    vt2m
..
. ..
. ..
. ..
.
sn v
t
n1 v
t
n2    vtnm
2
66666664
3
77777775
ð7Þ
Thus, the main effort of airport importance evaluation is to
merge the evaluation matrices of different intervals and then
get the importance score of every evaluated airport.
We now give the speciﬁc steps of AIFSS evaluation
method.
Step 1. Initialization. Input the airport set S ¼ fs1; s2;
. . . ; sng, evaluation index set C ¼ fc1; c2; . . . ; cmg, evaluation
interval set Pe ¼ fpe1; pe2; . . . ; peTg and evaluation matrix
Vt ¼ ½vtijnm.
Step 2. Convert the evaluation matrix to a fuzzy soft set.
Convert the evaluation information of every evaluation index
to a fuzzy soft set ðFt;CtÞ, shown as Eq. (8).
ðFt;CtÞ ¼ fct1 ¼ fs1=vt11; s2=vt21; . . . ; sn=vtn1g
ct2 ¼ fs1=vt12; s2=vt22; . . . ; sn=vtn2g
..
.
ctm ¼ fs1=vt1m; s2=vt2m; . . . ; sn=vtnmgg
ð8Þ
Step 3. Perform the ‘‘AND’’ calculation of
ðF1;C1Þ; ðF2;C2Þ; . . . ; ðFT;CTÞ, in turn.
ðG;EÞ ¼ ðG;C1  C2  . . .  CTÞ
¼ ðF1;C1Þ ^ ðF2;C2Þ ^ . . . ^ ðFT;CTÞ ð9Þ
From Deﬁnition 3, we ﬁnd that ðG;EÞ is also a fuzzy soft
set, and its parameters are the composite of the evaluation
index set C1;C2; . . . ;CT of T evaluation intervals. Let ðG;EÞ
have R parameters, that is E ¼ fe1; e2; . . . ; eRg. ðG;EÞ can then
be expressed as follows:
where lik is the level that airport, si, belongs to the state
described by the synthetic parameter, ek ðk ¼ 1; 2; . . . ;RÞ.Suppose the common evaluation indices of ek are cpðcp 2 CÞ.
Thus, the formula of lik is as follows:
ðG;EÞ ¼ fe1 ¼ fs1=l11; s2=l21; . . . ; sn=ln1g
e2 ¼ fs1=l12; s2=l22; . . . ; sn=ln2g
..
.
eR ¼ fs1=l1R; s2=l2R; . . . ; sn=lnRgg
ð10Þ
Step 4. Convert ðG;EÞ into the tabular form of a fuzzy soft
set, as shown in Table 1.
lik ¼ minfmin
j–p
fvtijg; kikg; kik ¼ averagefvtipg ð11Þ
Step 5. Calculate the comparison table, CT ¼ ½ctxynn,
where ctxy is the number of lxk bigger than lyk, for all evalua-
tion parameters E ¼ fe1; e2; . . . ; eRg.
ctxy ¼
X
k
ckxy
ckxy ¼
1 lxk P lyk
0 lxk < lyk
(
8>><
>>:
ð12Þ
Step 6. Calculate the scores of airport importance.
ScoreðsciÞ ¼ ax  bx
ax ¼
Xn
y¼1
ctxy; bx ¼
Xn
y¼1
ctyx
8><
>: ð13Þ
where ax is the summation of the elements in row x of CT; bx is
the summation of the elements in column x of CT; ScoreðsciÞ is
the importance degree of airport si (the bigger the ScoreðsciÞ is,
the more important the airport si is).4. Accuracy analysis of airport importance evaluation based on
network efﬁciency
4.1. Airport network efﬁciency
The shortest distance between any two nodes was used by
Latora and Marchiori18 to evaluate the network efﬁciency.
The particular formula of the network efﬁciency is given as
follows:
g ¼ gðGÞ ¼ 1
nðn 1Þ
X
i–j2G
1
dij
ð14Þ
where the shortest distance dij ! þ1 when there is no path
connecting nodes i and j. The range of the value of g is [0,1].
The bigger g; the higher the network efﬁciency.
In the above descriptions, we ﬁnd that the network efﬁ-
ciency is estimated only from the topology perspective. As
784 S. Li, X. Xuthe airport network is a transportation network, its function is
to move goods and people. In addition to the topological fea-
tures, the network efﬁciency is also related to the trafﬁc ﬂow
distribution of airport network. Thus, the efﬁciency of the air-
port network is established by the trafﬁc volume per unit path
length in this context, which combines the topological and
functional features of airport networks. The evaluation for-
mula is shown as
e ¼ eðG; qÞ ¼
P
i–j2Gqij
1
nðn1Þ
P
i–j2Gdij
ð15Þ
The accuracy of the airport importance evaluation method
is measured by calculating the dropping rate of the network
efﬁciency after removing the most important airports.19 The
bigger the dropping rate is, the more accurate the evaluation
method is. The dropping rate is calculated by
IeðgÞ ¼ Dee ¼
eðG; qÞ  eðG g; qÞ
eðG; qÞ ð16Þ
where Ie 2 ½0; 1, g is the set of the removed airports and their
corresponding edges, g 2 G.
4.2. Process of accuracy analysis
The accuracies of the evaluation methods are generally studied
for increasingly larger fractions, p, of removed airports in the
airport network. Here, we give the main process of how the
accuracy of airport importance evaluation method is analyzed.
(1) Calculate the importance score of every airport in the
airport network.
(2) Sort the airports in terms of their importance score from
heavy to light.
(3) Remove a fraction p of the most important airports,
according to their ranking.
(4) Calculate the dropping rate of network efﬁciency using
Eq. (16).
(5) Compare the accuracy of each evaluation method. The
bigger I e is, the more accurate the corresponding evalu-
ation method is.
5. Empirical results and discussions
The evaluation methods of airport importance are imple-
mented based on US airport network (consisting of 285 air-
ports), as well as China’s airport network (consisting of 168
airports). Table 1 shows the topological characteristics of both
networks, including the number of airports (N), the average
shortest-path lengths (D), clustering coefﬁcients (C), and
degree exponents (s1 and s2).Table 1 Basic parameters of US and China’s airport
networks.
Airport network N D C s1 s2
US airport network 285 2.3689 0.6374 0.6126 2.4451
China’s airport network 168 2.0676 0.7331 0.5821 4.39835.1. Calculation procedure of AIFSS
Because of space limits, Chicago O’Hare (ORD), Dallas/Fort
Worth (DFW), Denver (DEN), and George Bush (IAH) air-
ports are taken for examples to demonstrate the calculation
process of AIFSS. The concrete steps are outlined below.
(1) Initialization. Build the airport set S ¼ fs1; s2; s3; s4g;
with s1; s2; s3; s4 denoting ORD, DFW, DEN, and
IAH, respectively. Build the importance index set
C ¼ fc1; c2; c3g, with c1; c2; c3 denoting degree index,
betweenness index, and trafﬁc index, respectively.
Build the time interval set Pe ¼ fpe1; pe2; pe3g, with
pe1; pe2; pe3 denoting 8:00–9:00, 9:00–10:00, and
10:00–11:00 intervals, respectively. The evaluation
matrixes V1; V2; V3 are given in the following:
V1 ¼
c1 c2 c3
s1 0:0527 0:0723 0:0403
s2 0:0423 0:0328 0:0589
s3 0:0348 0:0595 0:0386
s4 0:0293 0:0301 0:0296
2
6666664
3
7777775
V2 ¼
c1 c2 c3
s1 0:0513 0:0603 0:0519
s2 0:0525 0:0516 0:0431
s3 0:0221 0:0368 0:0297
s4 0:0432 0:0484 0:0442
2
6666664
3
7777775
V3 ¼
c1 c2 c3
s1 0:0404 0:0692 0:0466
s2 0:0285 0:0598 0:0397
s3 0:0539 0:0561 0:0445
s4 0:0491 0:0330 0:0338
2
6666664
3
7777775(2) Convert V1; V2; V3 into fuzzy soft sets ðF 1;C1Þ;
ðF 2;C2Þ; ðF 3;C3Þ.
ðF1;C1Þ ¼fc1 ¼ fs1=0:0527; s2=0:0423; s3=0:0348; s4=0:0293g
c2 ¼ fs1=0:0723; s2=0:0328; s3=0:0595; s4=0:0301g
c3 ¼ fs1=0:0403; s2=0:0589; s3=0:0386; s4=0:0296gg
ðF2;C2Þ ¼fc1 ¼ fs1=0:0513; s2=0:0523; s3=0:0221; s4=0:0432g
c2 ¼ fs1=0:0603; s2=0:0516; s3=0:0368; s4=0:0484g
c3 ¼ fs1=0:0519; s2=0:0431; s3=0:0297; s4=0:0442gg
ðF3;C3Þ ¼fc1 ¼ fs1=0:0404; s2=0:0285; s3=0:0539; s4=0:0491g
c2 ¼ fs1=0:0692; s2=0:0598; s3=0:0561; s4=0:0330g
c3 ¼ fs1=0:0466; s2=0:0397; s3=0:0445; s4=0:0338gg(3) Implement ‘‘AND’’ calculation for ðF 1;C1Þ; ðF 2;C2Þ;
ðF 3;C3Þ, ðG;EÞ ¼ ðG;C1  C2  C3Þ ¼ ðF 1;C1Þ ^ ðF 2;
C2Þ ^ ðF 3;C3Þ where the number of parameters is
R ¼ 7. The parameter E ¼ fe1; e2 . . . ; e7g is displayed
in Table 2.
Taking l11 and l47 for examples, the calculation of
ðG;EÞ is shown as follows:
l11¼min
v111þ v211þ v311
3
 
¼ 0:0481
l47¼minfv141;v242;v343g¼minf0:0293;0:0484;0:0338g¼ 0:0293
Tabl
Para
Orig
Tabl
ctxy
s1
s2
s3
s4
Tabl
Airp
s1
s2
s3
s4
Tabl
ltj
s1
s2
s3
s4
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(4) Calculate the comparison table CT ¼ ðctxyÞ44 as shown
in Table 4.
(5) Calculate the score of airport importance as shown in
Table 5.
From Table 5, we can see that Scoreðs1Þ > Scoreðs2Þ >
Scoreðs4Þ > Scoreðs3Þ. Thus, the ranking of airport importance
is ORD > DFW > IAH > DEN, and ORD airport is the
most important airport in this instance.
According to the above method, the 10 most important air-
ports in America are arranged from most important to least
important: Atlanta (ATL), ORD, DFW, Detroit (DTW),
IAH, DEN, Salt Lake City (SLC), Los Angeles (LAX),
Phoenix (PHX), and Minneapolis Saint Paul (MSP).
From the calculation above, we can see that the AIFSS
method can comprehensively evaluate airport importance. It
can avoid the subjectivity and uncertainty inherent to common
evaluation methods, such as fuzzy comprehensive evaluation,
the analytical hierarchy process, and others. Besides, it takes
into account the dynamics of network topology and trafﬁc
ﬂow distribution in different time intervals.e 2 Parameters of E.
meters ej
e1 e2 e3 e4 e5 e6 e7
inal parameters c1 c2 c3 c1c2 c1c3 c2c3 c1c2c3
e 4 Comparison table.
s1 s2 s3 s4
7 6 7 7
1 7 6 4
0 1 7 3
0 3 5 7
e 5 Score of airport importance.
ort rx ty ScoreðsiÞ
27 8 19
18 17 1
11 25 14
15 21 6
e 3 Tabular form of ðG;EÞ .
e1 e2 e3 e4 e5 e6 e7
0.0481 0.0673 0.0463 0.0404 0.0403 0.0403 0.0403
0.0410 0.0480 0.0472 0.0285 0.0285 0.0328 0.0285
0.0369 0.0508 0.0376 0.0221 0.0221 0.0296 0.0221
0.0405 0.0370 0.0359 0.0293 0.0293 0.0296 0.02935.2. Comparison analysis of AIFSS, degree, and closeness
Simulations of deliberate attacks are conducted for US and
China’s airport networks to compare the accuracy of AIFSS,
degree, and closeness methods. The speciﬁc process is
described in Section 4.2. Here, the remove ratio is 1.75%
(Five airports are removed from the US airport network and
three airports are removed from the China’s airport network)
for each attack.
We recursively recalculate the airport importance after each
attack, as the elimination of each airport would result in a
change in airport importance ranking.
Figs. 2 and 3 reveal the experimental results for US and
China’s airport networks, respectively.
From Figs. 2 and 3 we can obtain two crucial conclusions.
The ﬁrst is that the stability of AIFSS becomes much better as
the decline of AIFSS becomes smaller and smaller along with
the iteration procedure. In contrast, there are rebounds in net-
work efﬁciency under degree and closeness procedures, i.e., the
network efﬁciency becomes bigger after the second airport
elimination under closeness method in Fig. 2, and after the
sixth airport elimination under degree method in Fig. 3.
Secondly, the dropping rate of network efﬁciency obtained
by AIFSS is bigger than that for the other two methods. The
average dropping rates of AIFSS, degree, and closeness are
49.14%, 37.32%, and 46.01% for US airport network, and
68.61%, 65.52%, and 65.01% for China’s airport network,
respectively. The average dropping rate of AIFSS is the big-
gest. Thus, based on the above two points, we obtain that
the accuracy of AIFSS is higher than the other two methods.
Please note that the average dropping rates of AIFSS for
US airport network are smaller than those of China’s airport
network, which indicates that the ‘‘Millionaire Club’’ phe-
nomenon is much more noticeable for China’s airport network
than it is for US airport network. Thus, the damage resultingFig. 2 Comparison of efﬁciency of US airport network.
Fig. 3 Comparison of efﬁciency of China’s airport network.
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worse than US airport network.
Moreover, the three curves in Fig. 3 are close to each other,
while the AIFSS curve is far away from the other two in Fig. 2.
This illustrates that the trafﬁc volume taking place in China’s
airports is in proportional to their topological importance,
whereas a considerable part of trafﬁc volume in America is
allocated in some airports with lower topological importance.
To understand how the airport importance relates to the
geographical information, we also study the geographical dis-
tribution of the 20 most important China’s airports ranking
according to AIFSS, degree, and closeness measures, as dis-
played in Fig. 4. This ﬁgure highlights that the topological
measures, i.e., degree and closeness, miss the economic dimen-
sion of China’s airports in some areas such as North China
and East China, whereas AIFSS reﬂects both topological
and economic dimensions. Moreover, in most of the geograph-
ical zones, the proportions of the three methods are basically
constant, which is in accordance with the fact that the three
curves are close to each other in Fig. 3.
5.3. Dynamics of airport importance
The importance of any given airport is not the same at differ-
ent time intervals, as the network topology and trafﬁc ﬂowFig. 4 Geographical distribution of China
Fig. 5 Flight weight distributions of time-vadistribution of airport networks is shifting. The ﬂight weight
distribution can comprehensively reﬂect the topological and
functional features of airport networks.
US airport network of 5:00–6:00, 8:00–9:00, and 23:00–
24:00 intervals is taken for an example to illustrate the differ-
ent characteristics of airport networks at different time inter-
vals. Fig. 5 shows the ﬂight weight distribution of 5:00–6:00,
8:00–9:00, and 23:00–24:00 intervals, respectively. We then
obtain the weight distribution functions at different time inter-
vals, which are consistent with Fig. 5, where kw is the airport
degree of weighted network, and PðkwÞ the proportion of the
airports with degree bigger than k. The Eq. (17) is the ﬁtting
functions of Fig. 5(a), Eq. (18) is the ﬁtting functions of
Fig. 5(b), Eq. (19) is the ﬁtting functions of Fig. 5(c).
PðKw > kwÞ  ðk
wÞ1:0364 ðkw 6 16Þ
ðkwÞ1:4435 ðkw > 16Þ
(
ð17Þ
PðKw > kwÞ  ðk
wÞ0:6183 ðkw 6 18Þ
ðkwÞ2:6845 ðkw > 18Þ
(
ð18Þ
PðKw > kwÞ  ðk
wÞ1:1501 ðkw 6 10Þ
ðkwÞ2:4660 ðkw > 10Þ
(
ð19Þ’s 20 most important airports ranking.
rying networks at different time intervals.
Table 6 Iteration processes of different intervals.
Time Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5
Airport
deleted
Dropping
rate
Airport
deleted
Dropping
rate
Airport
deleted
Dropping
rate
Airport
deleted
Dropping
rate
Airport
deleted
Dropping
rate
5:00–6:00 ATL 0.9006 SFO 0.9956 CLT 0.998959 MSP 0.9998 LGA 0.9999
ORD DTW LAX HNL MCO
DFW JFK IAD ANC MEM
IAH PHX MIA EWR CLE
DEN BOS SLC LAS MDW
8:00–9:00 ATW 0.1344 ATL 0.7174 LAX 0.861803 BWI 0.9176 SEA 0.9724
ORF ORD DTW SLC SFO
DHN DEN IAD BOS CLE
DFW PHX EWR MCO DAL
PIA IAH LAS JFK LGA
23:00–24:00 ATL 0.9790 IAD 0.9991 DFW 0.999901 ANC 0.9999 FWA 0.9999
JFK SEA MCO BOS IAH
SFO DEN MIA BWI IND
ORD DTW BNA CLT MDW
LAS LAX LGA CMH MSP
Vulnerability analysis for airport networks based on fuzzy soft sets: From the structural and functional perspective 787Zheng et al.20 have pointed out that the bigger the scaling
exponent is, the weaker the heterogeneity of the network is.
From Fig. 5 we discover that the heterogeneity of the airport
network in 8:00–9:00 interval is the weakest, as the scaling
exponents in this interval are the biggest. Thus, the airport vul-
nerability at 8:00–9:00 is smaller than that during the other two
intervals. For this phenomenon, the reason we think is the traf-
ﬁc congestion.
Next, the vulnerability of airport network at different
time intervals is investigated. Table 6 provides the rank of
the 5 most important airports and the dropping rates of
network efﬁciency for each recursive cycle at different time
intervals. We ﬁnd that the airport importance and the
dropping rates of network efﬁciency at various intervals
are different. Moreover, the dropping rate of the network
efﬁciency in 8:00–9:00 interval is the smallest, which corre-
sponds to the fact that the scaling exponents for this interval
are the largest, as shown in Fig. 6. Thus, the vulnerability of
the airport network in 23:00–24:00 is the greatest, as the
dropping rate for this interval is the biggest. On the
contrary, the vulnerability of the network in 8:00–9:00 is
the smallest.Fig. 6 Comparison of efﬁciency at different intervals.6. Conclusions
(1) A comprehensive evaluation method of airport impor-
tance based on fuzzy soft set theory is provided, which
fuses the importance indices established from topologi-
cal and trafﬁc considerations of airport networks.
(2) The formula for the network efﬁciency is established to
study the accuracy of airport importance evaluation
methods, where topological and trafﬁc aspects are con-
sidered also.
(3) The above measures are applied to US and China’s air-
port networks. The empirical results show that the cal-
culation procedure of the AIFSS is feasible and simple
to implement. The comparison of AIFSS, Degree, and
Closeness methods indicates that the accuracy of
AIFSS is much better, as that the airport networks are
more fragile when trafﬁc characteristics are taken into
account. The dynamics of airport importance are also
studied. The ranking of airport importance is different
at different time intervals, which stems from the time-
varying ﬂight weight distributions of airport networks.
All these results show that we must pay attention to
both the network structure and trafﬁc ﬂow distribution
in the design of control strategies.
(4) The next step of this research is to study the relation-
ships between airports, and to forecast how the other
airports run in the event that a vulnerable airport is
attacked intentionally. The above works will be good
for the implementation of control strategies, and will
help to enhance the operating efﬁciency of air trafﬁc.Acknowledgements
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